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ELECTROANATOMICAL MAPPING OF THE ATRIOVENTRICULAR 
SEPTUM: NOVEL INSIGHTS INTO THE ANATOMY, PHYSIOLOGY, AND 
PACING OF THE CONDUCTION SYSTEM 
AHAD JAHANGIR 
ABSTRACT 
Background: His bundle pacing (HBP) is a relatively new treatment modality for 
patients experiencing issues with the cardiac conduction system. The treatment is thought 
to be an advantageous therapy compared with the standard treatment because it uses the 
native conduction pathway instead of introducing a non-physiological correction pathway 
which has been documented to increase the risk of heart failure. First carried out in 
humans in 2000 (Deshmukh, Casavant, Romanyshyn, & Anderson, 2000), HBP has been 
shown to be superior to right ventricular pacing and equivalent to cardiac 
resynchronization therapy. Because of the relative recency of the application of this 
technique in humans, there is a need for more studies to understand the long-term 
effectiveness and to guide training for new clinicians. 
Objectives: The objectives of this study were to (1) define the utility of three-
dimensional mapping as a guiding tool for lead placement in HBP, (2) investigate the 
electroanatomical imaging of the atrioventricular (AV) septum, bundle of His, and other 
areas of the conduction system, (3) apply these observations to guide optimal pacing lead 
placement in the clinical setting, and (4) describe the correction of right and left bundle 
branch blocks by HBP. 
		 vi 
Methods: Patients with pacemaker indication due to diseased conduction system were 
identified and recommended to undergo His bundle lead implantation. The lead was 
navigated into the heart by fluoroscopy and progressing the catheter through the axillary, 
subclavian, and cephalic veins.  During the procedure, electroanatomical mapping was 
conducted by a quadripolar catheter to guide lead placement. His cloud, non-selective 
capture, and selective capture areas were marked and used to generate a 3D model 
layering the patient conduction system onto the physical anatomy. Pacemapping was then 
utilized to identify the most suitable area for disease correction. 
Results: HBP mapping data were available in 24 patients. Several different responses to 
pacemapping were observed in the area of the AV septum including selective HBP (S-
HBP), non-selective HBP (NS-HBP) (with upper, lower, and common variants), and right 
bundle branch (RBB) capture. Capture areas were superimposed onto the 3D model in 
real time and used to guide lead implantation for purposes of correcting various forms of 
conduction disease. The use of electroanatomical mapping (EAM) reduced the need for 
fluoroscopic guidance compared with the non-EAM-assisted procedure. Four common 
patterns were observed while mapping: (1) pattern 1, selective capture surrounded by 
upper and lower non-selective regions of capture; (2) pattern 2, selective capture 
surrounded by a common non-selective region of capture; (3) pattern 3, two separate non-
selective capture areas with no selective capture; (4) pattern 4, common non-selective 
capture area with no selective capture.  There was no correlation between capture 
threshold voltage and location of non-selective capture. Also, no correlation was found 
between capture threshold voltage and presence of common non-selective versus upper 
		 vii 
and lower non-selective capture areas. Patients with left bundle branch block (LBBB) and 
RBBB had similar His capture anatomy and were correctable by NS-HBP.  
Conclusions: HBP guided by electroanatomical mapping should be considered as a 
standard approach during pacemaker implantation. Because the underlying conduction 
anatomy is variable among patients, the use of EAM can direct lead positioning at a more 
physiologic location. In addition, EAM-guided implantation can reduce the need for 
fluoroscopy. 
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INTRODUCTION 	
Anatomy and Electrical Signaling 
The normal cardiac conduction pathway flows from the pacemaker of the heart, 
known as the sinoatrial (SA) node, across the two upper chambers, the right atrium (RA) 
and left atrium (LA), and into the atrioventricular (AV) node (Katz, 2011).  Here the 
signal is slowed and spread across the right (RV) and left ventricles (LV) through the 
bundle of His and then the right (RBB) and left bundle branches (LBB) and then the 
Purkinje fibers (Figure 1). 
 
 
 
 
 
 
 
 
Figure 1. Cardiac Conduction Pathway. The cardiac conduction pathway flows from the 
sinoatrial node, through the right atrium and then left atrium, and then pauses after reaching the 
atrioventricular node. The signal is then conducted down the His bundle, left and right bundle 
branches, and then finally to the Purkinje fibers stimulating the right and left ventricles in a 
synchronous fashion. Figure taken from (OpenStax College, n.d.). 
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This cycle is continued repeatedly and sustains life, as it is the system that 
generates the electric signal for rhythmic muscular contraction of the heart, propelling the 
blood through the body. The signal, or impulse, can be tracked on a 12-lead 
electrocardiogram (ECG) with the various steps in the electrical pathway outputting a 
standardized and recognizable pattern on a rhythm strip (Dubin, 2000). The signal can 
also be tracked by intracardiac electrograms (IEGM) in which a quadripolar mapping 
catheter records the cardiac signal from within the heart vasculature. 
 On a standard 12-lead ECG, the electrical activity of the two atria and two 
ventricles has a recognizable pattern, and each lead provides a distinct angle, or view, 
into the heart (Figure 2). These 12 leads can be subdivided into three groups: the bipolar 
leads, the unipolar or augmented limb leads, and the unipolar chest leads. The bipolar 
leads consist of leads I, II, and III, and the unipolar or augmented leads consist of leads 
aVR, aVL, and aVF. The chest leads include leads V1-V6 and these are also referred to as 
the precordial leads (Thaler, 2015). An instructive example from lead I of a typical 
healthy adult is described in Figure 3. 	  
	3 
 
 
Figure 2. Standard 12-lead ECG Placement and Views. Each lead allows for viewing the 
electrical activity of the heart from a different angle relative to current flow. This manifests as a 
unique and recognizable electrocardiogram morphology for each lead that is used as a diagnostic 
tool by the electrophysiologist. Figure taken from (OpenStax College, 2017). 	  
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The electrical activity of the heart registers on the EKG in a step-wise fashion. As 
the signal generated from the AV node travels through the right and then left atria, an 
upward deflection known as the P wave is recorded. Generally, the amplitude of this 
wave is low relative to the other waveforms, and it has a distinctive rounded shape. After 
passing through the two atria, the electrical signal pauses at the AV node, allotting 
enough time for complete transfer of blood from these chambers into the two ventricles. 
This registers as an isoelectric line and is denoted the PR segment. Together, the P wave 
and PR segment are known as the PR interval, which represents the time duration 
separating the beginning of atrial activation to the start of ventricular activation. After a 
sufficient time period of 0.12 to 0.20 seconds has passed, the signal travels to the 
ventricles and depolarizes both of the lower chambers. This activity is expressed as the 
QRS complex, which is typically the largest amplitude wave present in the recording. 
The QRS complex is then followed by an isoelectric segment known as the ST segment, 
signifying the time between ventricular depolarization and repolarization. Lastly, 
ventricular repolarization is observed through the presence of a T wave, which is another 
low-amplitude wave but with a duration that is longer than the P wave. The right and left 
atria also undergo repolarization, but the signal registers at the same time point as the 
QRS interval. The higher amplitude QRS wave effectively hides the atrial repolarization, 
and thus it is not observed (Dubin, 2000). This cycle of P wave, QRS wave, and T wave 
is repeated continuously (Figure 3).  
 Another means of tracking the heart’s electrical rhythm is the intracardiac 
electrogram, or IEGM. The IEGM is similar to the 12-lead ECG, but the IEGM can show 
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a more detailed picture of the cardiac activation pattern and consists of three signals 
corresponding to the three major zones of electrical transmission (Purves et al., 2012). 
The A signal, which represents the atrial depolarization, is first, the H, or His signal, is 
second, and the ventricular or V signal is third. The temporal pattern of these three 
signals can vary depending on the position of the receiver position, either in the 
quadripolar mapping catheter or the pacing lead. Generally, the A and V signals are of 
high amplitude and easily observed from various positions within the RA. The His signal 
can be more difficult to capture and is highly dependent on underlying patient anatomy. 
Some patients can essentially have thicker insulation, which limits the ability of the 
catheter to capture an H signal. A prolonged time interval between an A signal and an H 
signal can be indicative of a conduction block between the atria and bundle of His 
(Scherlag & Lazzara, 2017). The time interval between the H and V signals can also be 
diagnostic for a conduction block, but between the bundle of His and the ventricles, with 
further classification based on wave morphology. A representative image of an IEGM is 
depicted in Figure 4.  
Various disease states alter the observed ECG pattern, and this is the rationale 
behind using the 12-lead ECG as a diagnostic tool for the practicing clinician and 
electrophysiologist. The IEGM provides more detailed information than that provided by 
the external 12-lead EKG. Because of the wide breadth of observable EKG and IEGM 
variants, only those that are relevant to His pacing are discussed in detail.  
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Figure 3. ECG Morphology. This figure shows the components of an electrocardiogram (ECG). 
The P wave represents atrial depolarization (80 ms), the QRS complex indicates ventricular 
depolarization (80-100 ms), and the T wave (160 ms) signifies ventricular repolarization. The 
atrial repolarization wave is buried within the QRS complex and is generally not observed. Figure 
taken from (Agateller, 2009). 
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Figure 4. IEGM Morphology. This figure shows the components of an intracardiac electrogram 
(IEGM). The A signal represents atrial depolarization, the H signal indicates bundle of His 
depolarization, and the V signal signifies ventricular depolarization. The normal AH interval 
range is 55-140 ms, and the normal HV interval range is 35-55 ms. The IEGM is read 
concurrently with an electrocardiogram (ECG), and the signal order depends on the position of 
the mapping or pacing catheter. AV = atrioventricular. Figure taken from (Sibley, 2016). 
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Conduction Disease 
Various forms of conduction disease can negatively affect heart function; 
however, only certain modes of disturbed conduction can be corrected by His bundle 
pacing (HBP). The disorders potentially correctable by HBP include AV block, from low 
grade all the way to complete heart block (CHB), bundle branch block (BBB), sick sinus 
syndrome (SSS), and bradycardia. 
AV nodal block slows or even prevents the cardiac electrical signal from passing 
from the atria to the ventricles and thus is highly dangerous. Automatic backup 
pacemaker cells take over, but their rate of pacing can be slower than necessary for the 
individual, leading to potentially adverse effects such as fainting or reduced blood flow to 
the brain, body, or heart (ischemia). Heart block is defined by both the location of the 
conduction block and the severity of the block (Katz, 2011). First-degree heart block is 
located above the AV node and manifests as a prolonged PR interval. Second-degree 
heart block is located more distally, and third-degree heart block is located even more 
distally than second-degree block. Higher grade blocks, occurring distally in the pathway 
are more serious and necessitate rapid medical intervention because the backup 
pacemaker cells fire at a very slow rate (Dubin, 2000). When no signal can be transferred 
whatsoever, the condition is known as complete heart block (CHB). 
Bundle branch blocks (BBB) are located below the AV node and can be separated 
into right bundle branch blocks (RBBB), left bundle branch blocks (LBBB), and further 
classifications beyond the scope of this study. Both RBBB and LBBB present with 
recognizable electrical rhythm on the 12-lead EKG with specific alterations in leads V1 
	9 
and V6. A schematic representation of each bundle branch block and identifying ECG 
morphology is provided in Figures 5 and 6. 
Sick sinus syndrome (SSS) denotes the presence of sinus node dysfunction with 
the distinctive speeding up and slowing down of the heart rate, leading to the alternative 
term for this phenomenon, tachy-brady syndrome. “Tachy” refers to tachycardia, or a fast 
heart rate of greater than 100 beats per minute (bpm), and “brady” refers to bradycardia, 
or a heart rate of less than 60 bpm (Purves et al., 2012). 
The main factors that result in pacemaker implantation include symptoms 
resulting from bradycardia and the presence of conduction block; for example, if the 
signal generated from the SA node cannot propagate down to the ventricles, and an 
ectopic focus is maintaining the ventricular contraction rhythm (Ellenbogen & Kaszala, 
2014). Both of these scenarios are related and can result in sudden fainting from 
insufficient cardiac output. The more serious or life-threatening conduction disorders 
may require the implantation of an artificial pacemaker. 
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Figure 5. RBBB Schematic and ECG Morphology. Conduction block of the right bundle 
branch (RBBB) can be identified by inspection of leads V1 and V6 with appearance of this 
distinctive morphology. The block can be present proximally or distally along the bundle branch 
and can be caused by various modes of conduction system disease. AV = atrioventricular; ECG = 
electrocardiogram; HB = His bundle; LBB = left bundle branch; RBB = right bundle branch; 
Figure taken from (The Characteristics of LBBB and RBBB, 2017).  
HB 
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Figure 6. LBBB Schematic and ECG Morphology. Conduction block of the left bundle branch 
(LBBB) can be identified by inspection of leads V1 and V6 with appearance of a distinctive 
morphology. The block can be present proximally or distally along the bundle branch and can be 
caused by various modes of conduction system disease. AV = atrioventricular; ECG = 
electrocardiogram; HB = His bundle; LBB = left bundle branch; RBB = right bundle branch; 
Figure taken from (The Characteristics of LBBB and RBBB, 2017).).  
HB 
	12 
 
Pacemakers 
Artificial pacemaker implantation can be used to treat conduction abnormalities. 
This device is able to sense when the cardiac signal is interrupted and is programmed to 
deliver a signal to keep the heart beating properly. A pacemaker consists of two 
components, a pulse generator and electrodes or lead. The pulse generator creates the 
impulse which is propagated into the heart, and the lead is what allows for impulse 
delivery through direct contact with the heart (Chardack, 1960). Three parameters of 
interest when implanting a pacemaker are the voltage, pulse width, and impedance. The 
voltage (measured in volts, V) represents how much energy is being used by the device to 
generate an impulse, and the pulse width (measured in milliseconds, ms) reflects the time 
duration of the signal pulse. A minimum voltage and pulse width value are required to 
capture the target tissue, or induce depolarization of the cells, and this combination is 
described as the threshold. Programming values significantly above threshold is possible, 
but the practice results in reduced device longevity. Pacing impedance (measured in 
Ohms) reflects the resistance to flow of current, and a large impedance value reflects a 
large electrical resistance (Ellenbogen & Kaszala, 2014). Impedance can be used as a 
measure of tissue capture. These three parameters (voltage, pulse width, and impedance) 
are valuable to the implanting clinician because they can be used to predict device 
efficacy and longevity.  
Pacemaker lead delivery to the heart is done through a catheter-based approach in 
which specialized tubes are used to enter the lumen of the body vasculature (Zanon et al., 
	13 
2006). Common sites of entry include veins of the upper body, namely, the axillary, 
subclavian and cephalic veins. Progression of a guide sheath and guide catheter into these 
veins with the help of x-ray fluoroscopy allows the implanting physician to navigate into 
the heart, entering into the RA by means of the vena cava. Once entry into the RA has 
been confirmed by fluoroscopy, the guide wire is removed while maintaining the guide 
sheath in position. The pacing lead is then introduced into the guide sheath, which is 
moved into the RA under fluoroscopic guidance and then attached directly into the heart 
at the most suitable target site. Next, a pocket of skin is created in the upper pectoral 
region where the pulse generator is percutaneously implanted. Lead or leads are then 
connected to the pulse generator and tested for proper port connection.  After this 
connection is confirmed, the pocket is closed, and the procedure is complete (Figure 7). 
There are a few variations in the implant location and the number of leads based on 
patient-specific needs. 
RV apical pacing is one such technique and is indicated when a patient has high-
grade or complete heart block, resulting in fainting due to bradycardia. This lead is 
screwed directly into the RV muscle tissue. RV apical pacing corrects bradycardia and 
associated symptoms. However, RV pacing causes a delayed activation between the left 
and right ventricles as a result of the non-physiologic pacing pattern. This results in 
dyssynchronous contraction, and long-term RV pacing has been shown to cause eventual 
LV dysfunction, and in some patients, eventual worsening of heart failure (Sisti 2012). 
Two variants, RV pacing of the septum and RV pacing at the outflow tract, are thought to 
overcome this issue, but long-term studies have shown that these techniques are not 
	14 
superior to RV apical pacing (Tops, Schalij, & Bax, 2009). RV pacing is successful in 
treating high-grade heart block and the resultant risk for fainting. Alternative means of 
pacing are being developed. 
Cardiac resynchronization therapy (CRT) is another standard approach that is 
advantageous over RV pacing because it corrects dyssynchronous contraction between 
the ventricles. This increased benefit is achieved by implanting two leads both in the RV 
and LV, with subsequent programming of the impulse generator to send a simultaneous 
electrical stimulus to both ventricles. This may achieve synchronous contraction. 
Simultaneous pumping of both ventricles maximizes blood outflow from both ventricles, 
with an increase in left ventricular ejection fraction (LVEF) and is a common parameter 
to assess success of any cardiac therapy. Previous studies have shown evidence for 
reducing hospitalization rates, improving New York Heart Association (NYHA) 
functional class, and reducing mortality in CRT recipients when compared with RV 
pacing or nonintervention, mainly due to increases in LVEF (Abraham, 2002). 
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Figure 7. Pacemaker Implant Schematic. This figure shows an example of an implanted 
pacemaker with three leads located in the right atrium, right ventricle, and coronary sinus. The 
pulse generator is implanted in the upper left pectoral region. In this case, leads affixed to the 
heart are connected to the pulse generator by travel through the superior vena cava and then left 
brachiocephalic and then left axillary vein. Figure taken from (Mayo Foundation, 2019). 
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His Bundle Pacing 
 His bundle pacing (HBP), a relatively novel pacing technique in humans, is an 
area of active study and has advantages over both RV pacing and CRT. In comparison 
with RV pacing and CRT, HBP uses the native electrical pathway of the heart 
(Vijayaraman et al., 2018). Selective His bundle pacing (S-HBP) reflects predominant 
capture of the conduction system below the AV node, as the pacemaker lead is only 
stimulating the bundle of His or its tributaries. Selective capture of the conduction system 
is identified via ECG morphology and is present when there is a narrow QRS complex 
and a sharp initial rise in the QRS complex (Teng, Massoud, & Ajijola, 2016). In 
contrast, non-selective His bundle pacing (NS-HBP) is characterized by a wider QRS 
complex with an initial slurring of the upstroke, known as a delta wave and absence of an 
isoelectric line (Figure 8). This is due to the pacing lead not only capturing the His 
bundle but also capturing local ventricular muscle tissue (Upadhyay & Tung, 2017). NS-
HBP may be preferred over S-HBP, considering it is possible to lose His bundle capture 
over time. The additional pacing of ventricular tissue can work as a backup for pacing in 
this scenario. This situation is perhaps preferred because S-HBP capture loss may result 
in the patient no longer having an active pacemaker.  
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Figure 8. Non-Selective and Selective His bundle pacing. This figure shows an 
electrocardiogram (ECG) with non-selective His bundle pacing (NS-HBP) and selective His 
bundle pacing (S-HBP). The NS-HBP pattern is characterized by a delta wave and wider duration 
of the QRS complex, and the S-HBP pattern is characterized by its similarity to native QRS. AP 
denotes His pacing. Figure taken from (Upadhyay & Tung, 2017). 			 HBP is an effective technique for treatment of underlying bradycardia 
(Jastrzębski, Moskal, Bednarek, Kielbasa, & Czarnecka, 2018). By virtue of physiologic 
conduction, it will prevent development of dyssynchrony and avoid heart failure, as 
mentioned earlier. HBP can be as effective as CRT in treating patients with heart failure 
and left bundle branch block (Teng et al., 2016a). Additionally, it has been shown to 
provide clinical improvement in patients with heart failure and right bundle branch block 
NS-HBP 
S-HBP 
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who are not candidates for CRT (Sharma et al., 2018b). Correction of bundle branch 
blocks can be confirmed via inspection of the 12-lead ECG (Teng, Massoud, & Ajijola, 
2016b). Recent studies have shown HBP to be advantageous over RV pacing and 
equivalent to CRT in treating underlying conduction disorders. However, long term data 
is limited in comparison to the more well established techniques of RV pacing and CRT. 
Additionally, there is a need for large scale randomized controlled trials to allow for a 
more definitive comparison with similar matched controls between groups. One of the 
concepts underlying bundle branch correction via HBP is called the virtual electrode 
effect, where a high enough voltage output can “jump” the gap and bypass the conduction 
block.  Another concept is the idea of longitudinal dissociation, where certain conductive 
fibers are pre-destined and specialized to run through a specific location. Therefore, some 
pre-destined fibers may actually cross the area of the block, and if electrically engaged 
more proximally, can result in correction of the underlying conduction disturbance. The 
virtual electrode concept for correction of RBBB is shown below (Fig. 9) as is the 
longitudinal dissociation concept for correction of LBBB (Fig. 10). Both theories are 
applicable for correction of either RBBB or LBBB via both NS-HBP or S-HBP, but both 
examples illustrating two possible permutations are provided for simplicity. 
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Figure 9. Virtual Electrode Theory. This figure shows a representative schematic of the virtual 
electrode theory behind correction of bundle branch block. In this example, pacing from an upper 
non-selective (NSU) His bundle capture site is able to “jump-the-gap,” and the signal can continue 
down the right bundle branch (RBB). In addition, retrograde flow up the proximal right bundle 
branch continues down the left bundle branch (LBB) in the normal anterograde fashion. The 
virtual electrode theory may also explain treatment of left bundle branch block and is also 
applicable to sites of selective His bundle pacing. Pacing at a distal site, closer to the block, may 
allow for correction at lower voltages. AV = atrioventricular; NSL = lower non-selective. 
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Figure 10. Longitudinal Dissociation Theory. This figure shows a representative schematic of 
the longitudinal dissociation theory behind correction of bundle branch block. In this example, 
pacing from a selective (S) His bundle capture site is able to bypass the left bundle branch (LBB) 
block by sufficiently activating conductive fibers specifically wired for the left bundle branch. 
Physiologic flow down the right bundle branch (RBB) is due to the presence of healthy 
conductive tissue. Longitudinal dissociation may also explain treatment of left bundle branch 
block and is applicable to sites of non-selective His bundle pacing as well. Pacing at a distal site, 
closer to the block, may allow for correction because of sufficient stimulation of the pre-destined 
fibers, otherwise unachievable by the native pacemaker. AV = atrioventricular. 
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 HBP presents with its own share of challenges. Histological study of the human 
bundle of His has shown there to be three common anatomic variants (Kawashima & 
Sasaki, 2005). Type I consists of the conduction pathway nestled within the membranous 
portion of the interventricular septum and is thought to be the most common variant. 
Type II consists of the conduction pathway positioned within the muscular portion of the 
interventricular septum, which is distinct from the membranous portion. Finally, type III 
presents with conductive fibers exposed directly under the muscle tissue and is defined as 
a “naked” bundle of His. Existence of this anatomical variation has an impact on 
pacemaker lead positioning and parameter programming. Different levels of insulation of 
the wiring require distinct locations for implantation at different voltage threshold values 
sufficient for capture (Amitani et al., 1999). Anatomic variation can also result in 
difficulty reaching prospective sites of implantation because of limitations imposed by 
the current guide sheaths, such as maximum angle of deflection. The current tool set 
consists of pacing leads, catheters, and delivery sheaths improvised from other more 
well-established pacing techniques such as CRT and RV pacing. Therefore, though 
patients could benefit from an HBP lead, limitations imposed by the delivery mechanism 
or native anatomy can prevent the use of this technique and require more traditional 
means of pacing. 
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OBJECTIVES 
 
The objectives of this thesis are to: 
 
1. Determine the utility of three-dimensional (3D) mapping as a guiding tool for His 
bundle lead placement. 
 
2. Investigate the electroanatomical mapping (EAM) signals of the cardiac 
conduction system, including the atrioventricular septum, bundle of His, and 
bundle branches. 
 
3. Apply the observations and measurements concerning 3D mapping and EAM 
signals to optimize His bundle lead placement and make recommendations for the 
future patient population. 
 
4. Describe the correction of right and left bundle branch blocks by His bundle 
pacing. 
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METHODS 	
Patients with underlying conduction block or conduction abnormality were 
referred to the primary investigator’s practice for pacemaker implantation. In all patients 
there was a significant reason to suspect that traditional right ventricular pacing may 
result in progressive LV dysfunction. All patients received appropriate explanation 
regarding this issue and gave informed consent.  
Pacing leads used in the study included the Boston Scientific (BSCI) Model 7742 
Ingevity lead, BSCI Model 4471 Fineline II lead, and Medtronic (MDT) SelectSecure 
3830 lead (Boston Scientific, Marlborough, MA; Medtronic, Minneapolis, MN). Catheter 
access to the heart was obtained through the axillary, subclavian, and cephalic veins. 
Guidance of the pacing lead to the target site was enabled through use of a BSCI Acuity 
Pro coronary sinus access sheath. Mapping of the potential target site near the AV septum 
was accomplished by the quadripolar Josephson curve catheter or the quadripolar Abbott 
Safire 4 mm ablation catheter (Abbott Laboratories, Lake Bluff, IL).  
Data collection was carried out both prospectively and retrospectively. 
Retrospective chart review was conducted for demographic data, and the results were 
compared with the physician’s notes to verify collected information. Statistical analysis 
to calculate averages and standard deviations was done with Excel software (Microsoft 
Corporation, Redmond, WA) for demographic and mapping data. Mapping data were 
collected during the procedure by trained electrophysiology technicians who worked in a 
collaborative fashion with the implanting physician. Relevant electrograms were 
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analyzed for the presence of S-HBP or NS-HBP during the procedure and confirmed 
post-procedure during review. This information was then used to generate a pacemap of 
His capture types. Areas of His signal capture, NS-HBP, and S-HBP were marked and 
measured in Abbott EnSite NaVXTM Cardiac Mapping System software (Abbott 
Laboratories, Lake Bluff, IL). 
The patients in this study will be followed in a prospective manner for efficacy of 
pacing and medium- to long-term cardiac clinical outcomes, such as improvement in 
NYHA heart failure class and improvement in left ventricular function. 
  
 
Electroanatomical Mapping 
Patients were prepared for implantation by standard methods, and access was 
achieved through the axillary, subclavian, and cephalic veins. The guide wire was 
introduced through the coronary sinus guide sheath and advanced under fluoroscopy into 
the high right atrium. Once access to the high right atrium was confirmed, the guide wire 
was retracted while the sheath remained. The quadripolar catheter was introduced 
through the same guide sheath into the high right atrium, and electroanatomical mapping 
(EAM) was conducted by Abbott EnSite NavXTM computer systems (Orlov, 2019). 
Anatomic mapping generated a 3D model of the right atrium, tricuspid annulus, and right 
ventricle in real time. The target area of the AV septum encompassed these locations, 
primarily in the right atrium. Simultaneous electroanatomical mapping consisted of 
identifying the His bundle, right bundle branch, and surrounding areas by unique and 
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identifiable intracardiac electrograms (IEGMs). These areas of interest were marked on 
the 3D model and used as a reference for implantation. This EAM was used as a guide for 
potential sites of HBP lead implantation. Individual electrograms from pacing lead 
locations and different areas on the EAM were recorded and analyzed. 
Pacing lead locations were tagged on the AV septum. These locations were used 
subsequently in the analysis, correlating lead location with capture thresholds and 
electrogram characteristics recorded from the lead tip. 
Additionally, post-processing of EAM data included specialized software called 
“Turbomapping”, allowing for the detection of specific patterns from a large volume of 
data. ECG templates were defined for selective and non-selective His bundle capture 
areas and their distribution was marked on electroanatomical maps. This analysis was 
used to describe separate ECG characteristics of different pacing response patterns 
 
Pacemapping of the His Bundle Area 
After successful generation of a 3D electroanatomical model of the internal right-
sided cardiac anatomy and the subsequent locating and tagging sites of the His bundle, 
pacemapping was conducted to examine if clinically relevant pacing outcomes were 
achievable at each potential site of lead implantation. Pacemapping was attempted in 
areas previously marked to have the presence of a His signal and in surrounding areas. 
Parameters of interest included QRS width and presence of width normalization, 
correction of conduction block such as LBBB or distal atrioventricular node block 
(AVB), and characterization of paced QRS morphology as selective or non-selective.  
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Criteria for Implantation 
If a His signal was not registered while mapping with the quadripolar catheter, or 
if pacing at the site of His capture was unable to correct the underlying bundle branch 
block or required unacceptably high voltage for correction, HBP implantation was not 
attempted. In addition, if the QRS width could not be narrowed sufficiently compared to 
baseline, in patients with bundle branch block, then the HBP lead was not attempted. 
Implantation was carried out by a previously established protocol (Zanon et al., 2006) or 
via previously mentioned sheaths and leads (BSCI) which has not been described (Orlov 
2019). 
  
	27 
RESULTS 	
HBP was attempted in a cohort of patients, of which mapping data was available 
in 24. These patients represent the study population, with an average age of 77 ± 10 years 
(15 males, 9 females). Patient demographic and clinical characteristics are shown in 
Table 1. Procedural and implant characteristics are provided in Table 2 consisting of 
pacemaker parameters (capture threshold voltage and impedance), procedural time 
duration and time required for guidance via fluoroscopy.  
Mapping data from 24 patients was carefully analyzed. Observations and 
measurements from these patients are presented below in Table 3.  
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Table 1: Patient Demographic Dataa  
 
 
Number of Patients, N (males/females) 
 
24 (15/9) 
Age, years 77 ± 10 
AV Block (any degree) 10 (42%) 
Cardiomyopathy  
      Ischemic   6 (25%) 
      Non-ischemic   5 (21%) 
Complete Heart Block   3 (13%) 
CRT Indicationb   9 (38%) 
  6 LBBB (24%); 3 RV pacing-induced LBBB (13%) 
LVEF 42 ± 17% 
NYHA Class   2 ± 1 
Persistent Atrial Fibrillation   8 (33%) 
Sick Sinus Syndrome   8 (33%) 
 
aBinary variables are presented as count and percentage of total number of patients, n (%). 
Continuous variables are presented as average ± standard deviation. AV = atrioventricular; 
CRT = cardiac resynchronization therapy; LBBB = left bundle branch block; LVEF = left 
ventricular ejection fraction; NYHA = New York heart association; RV = right ventricle 
bStandard CRT indications: LBBB or interventricular conduction delay (IVCD) or LBBB due 
to RV pacing with QRS duration ³ 120 ms, reduced EF, and NYHA Class > 2. 
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Table 2: Procedural and HBP Implant Characteristics 
 
 
His Bundle Capture Threshold 
 
2.2  ± 1.5 V 
His Bundle Capture Impedance 504 ± 176 Ohms 
Procedure Time 123 ± 39 min 
Fluoroscopy Time 8.7 ± 4.7 min 
 
Continuous variables are presented as average ± standard deviation.  	 	
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Areas of interest (S-HBP, NS-HBP, His bundle cloud, and RB cloud) were 
typically observed in either of four different patterns consistently recognized while 
mapping the AV septum (Fig. 11-14). Both simplified schematic images and 
representative patient mapping data are provided below. The first pattern was observed in 
8 patients (33%) and consisted of a relatively central S-HBP capture area separating two 
NS-HBP areas. These were called upper and lower NS-HBP clouds based on 
approximate location, above and below the S-HBP area (Fig. 11A, Fig 12). Additionally, 
the S-HBP was typically observed as a linear shape with the longitudinal dimension 
clearly longer than the transverse. The second pattern was present in 3 patients (13%) and 
also had a central linear S-HBP capture zone. However, the surrounding NS-HBP capture 
area was visualized as a common NS-HBP area, rather than two areas separated by a 
linear structure in between (Fig. 11B, Fig 13). The third pattern was seen in 5 patients 
(21%) and consisted of two separate NS-HBP capture areas (Fig. 12A). The fourth 
pattern was seen in 2 patients (8%) and consisted of solely a NS-HBP capture area with 
no detectable presence of S-HBP capture area (Fig. 12B, Fig 14). Data was incomplete in 
the remaining 6/24 patients (25%) to adequately categorize them into the above patterns. 
Additionally, the His bundle cloud itself overlapped with S-HBP and NS-HBP capture 
areas to a large degree. RBB cloud was typically observed as a continuation of selective 
and non-selective areas distally.  
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Figure 11. His Bundle Capture Patterns 1& 2. This figure shows simplified schematic images 
of the His bundle capture patterns with selective capture that were observed in the patient sample 
when mapping the atrioventricular septum distal to the atrioventricular node. Schematics are 
depicted in the left lateral view with the right atrium (RA) on the right side of the figure and 
tricuspid valve, right ventricle, and right bundle branch (RB) on the left side: (A) pattern 1, (B) 
pattern 2. NS = non-selective; S = selective.  
 
 
Pattern 1: Selective His bundle capture area 
with a linear shape separating two regions of 
non-selective His capture areas. 	
NS1 
NS2 
S
 
A 
S
 
NS 
B 
Pattern 2: Selective His capture area surrounded 
by a region of common non-selective His capture 
area.	
RA	
	
RB
B	
RA	
	
RB
B	
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Figure 12. His Bundle Capture Patterns 3 & 4. This figure shows two simplified schematic 
images of the His bundle capture patterns that were observed in the patient sample with only non-
selective capture when mapping the atrioventricular septum distal to the atrioventricular node. 
Schematics are depicted in the left lateral view with the right atrium (RA) on the right side of the 
figure and tricuspid valve, right ventricle, and right bundle branch (RB) on the left side: (A) 
pattern 3, (B) pattern 4. NS = non-selective; S = selective.  
 
NS 
B 
NS1 
NS2 
 A 
Pattern 4: No observed selective His 
capture, sole presence of common non-
selective His capture 	
Pattern 3: No observed selective His 
capture, sole presence of two distinct 
regions of non-selective His capture	
RA	
	
RB
B	
RA	
	RB
B	
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Individual S-HBP and NS-HBP areas in patients with different patterns described 
above were carefully measured. Respective area measurements are shown in Table 3. No 
clear differences could be observed between different patterns, although respective 
patient numbers per subgroup were small. Overall areas of selective and non-selective 
clouds were very small, on the order of 1-3 cm2, the largest areas being the His cloud 
itself. The S-HBP area roughly corresponds to the known anatomical length of the His 
bundle of 5-10 mm (Sharma, 2018a). Selective areas tended to be smaller than non-
selective areas. 
 
Table 3: His Bundle Capture Area Measurementsa 
 
 
His Cloud Areab 
 
3.2  ± 1.5 cm2 
Selective Areac 0.7 ± 0.4 cm2 
Upper Non-Selective Area 1.3 ± 0.8 cm2 
Lower Non-Selective Area 
Common Non-Selective Area 
1.1 ± 0.8 cm2  
1.7 ± 1.0 cm2 
 
aContinuous variables are presented as average ± standard deviation.  
bOverall His cloud area was larger since the operational definition included any region of His 
bundle EGM recording.  
cZones of selective capture tended to be smaller than zones of non-selective capture 
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By analyzing those images and patterns, we have noted that ECG templates / 
patterns, with stimulation of upper and lower NS-HBP, were different. These 
electrocardiographic characteristics were initially defined visually, by observing multiple 
maps, but subsequently a specialized software mentioned in the methods (“Turbomap”) 
was used to match these patterns to specific locations on the 3D map (Fig. 13). 
These different ECG patterns were observed consistently in the majority of 
patients. The most common difference involved standard inferior ECG leads (II, III, 
aVF). More negative deflection in QRS complex was observed when pacing from the 
lower NS-HBP cloud (Fig. 13, yellow box). Less frequently, changes were observed in 
other leads. These different electrocardiographic patterns seem to correspond to separate 
NS cloud locations. With pattern 3, two different ECG types were still observed between 
the two non-selective clouds, similar to pattern 1. Electrocardiographic differences were 
not observed in those with a single NS cloud (pattern 2 and 4). 
 
Clinical Correlates 
Comparison of the observed electro-anatomical patterns to relevant clinical 
characteristics was attempted. There was no correlation between the location of the HB 
pacing lead on the AV septum and capture thresholds. This lack of correlation was 
observed, despite using different methods to tag the pacing lead locations on the AV 
septum, His cloud, or paced selective or non-selective clouds. There was a significant 
correlation between the characteristics of the local IEGM recorded from the pacing lead 
tip and its location on the AV septum (close to the atrium vs. close to the ventricle). This 
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analysis involved measuring individual amplitudes of the atrial and ventricular signal 
recorded from the lead tip and calculating their ratio and correlating it with anatomical 
position. Results of this analysis correspond to a larger amplitude of a ventricular IEGM 
recorded closer to the ventricle and a larger atrial IEGM on the atrial side. In general, 
sites that occupied more distal positions in the cranio-caudal direction showed minimal 
atrial signal on IEGM recordings. 
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Figure 13. Central Selective and Two Non-Selective Areas. This figure shows pattern 1 in His 
bundle mapping in a left lateral view (see torso in upper right for anatomic projection). The 
representative image depicts an observed relatively central selective capture area (white beads 
and white ring) with upper and lower non-selective His capture areas (striped orange rings) with 
separate electrogram (EGM) morphologies within the overall location of the His cloud (blue 
ring). Red box and line indicates IEGM pattern from the upper non-selective cloud, while yellow 
box and line indicates IEGM pattern from the lower non-selective cloud. RA = right atrium, TV = 
tricuspid valve. 
 
 
  
RA	
TV	
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Figure 14. Central Selective and Common Non-Selective Areas. This figure shows pattern 2 in 
His bundle mapping in a slightly angulated left lateral view (see torso in top right, showing 
anatomic projection). The representative image depicts an observed relatively central selective 
capture area (white beads and white ring) surrounded by a common non-selective His capture 
area (hatched orange ring) with a single electrogram (EGM) morphology at all non-selective 
mapping locations. The associated EGM is shown below the image. RA = right atrium, TV = 
tricuspid valve. 
 
  
RA	
TV	
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Figure 15. Common Non-Selective Area. This figure shows pattern 3 in His bundle mapping in 
a slight right anterior oblique view (see torso in upper right, showing anatomic projection). The 
representative image depicts an observed pattern with no selective His capture and a common 
non-selective His capture area (hatched orange ring) with a single electrogram (EGM) 
morphology. The His cloud (blue ring) and right bundle capture (red ring) are also depicted, with 
the mapping quadripolar catheter placed in the region of non-selective capture. The associated 
EGM is shown below the image. RA = right atrium, TV = tricuspid valve. 
 
 	 	
RA	 TV	
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Bundle Branch Block Correction by His Bundle Pacing  
LBBB was present in 6 patients, while 5 patients had RBBB. Complete correction 
of LBBB via HBP was achieved in 3 while partial correction was achieved in 2 patients. 
Complete correction of RBBB via HBP was achieved in 3 patients. As a general trend, 
more complete bundle branch block correction was found at distal non-selective sites as 
compared to proximal non-selective sites and selective sites. Representative examples of 
both LBBB and RBBB correction are shown below, indicated by resolving of the bundle 
branch block patterns in leads V1 and V6 and a return to normal ECG morphology. 
Baseline RBBB and its correction by HBP is shown below in Figure 16. Correction of 
baseline LBBB by HBP is shown in Figure 17. For comparison, a normal 12 lead ECG is 
shown in Figure 18. 		 	
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Figure 16. Right Bundle Branch Block and Correction.  This figure shows an example of right 
bundle branch block (RBBB) in leads V1 and V6 (top) and an image from a procedural 12-lead 
electrocardiogram (bottom). RBBB pattern is indicated by a wide notched QRS in both leads V1 
and V6. Characteristically in V1 it has an “M-shape” and in V6, there is a deep and wide S wave 
(red circles) which disappear (yellow circles) when pacing at the two NS-HBP correction sites. 
For comparison, a normal ECG without this pattern is shown below. 
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Figure 17. Left Bundle Branch Block and Correction. This figure shows an example of 
baseline left bundle branch block (LBBB) (left) and correction by selective His bundle pacing (S-
HBP) (right). These images are from a 12-lead electrocardiogram with a focus on leads V1 and V6 
relevant to left bundle branch block which is characterized by a wide QRS with predominant QS 
pattern in lead V1 and a notched R wave without a preceding small q wave in lead V6 (red circles). 
For comparison, a normal ECG without this pattern is shown below in Figure 18. The presence of 
selective pacing is shown by a narrow QRS and a lack of delta wave “slurring” of the QRS onset. 
Left bundle branch block is corrected, QRS is now narrow and lacks the typical morphological 
features of left bundle branch block (black circles). 
Baseline LBBB LBBB Correction by S-HBP 
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Figure 18. Normal 12-lead ECG. This figure shows an example of a normal 12-lead ECG. For 
simplicity, only the precordial leads are shown (V1-V6). As opposed to bundle branch blocks, in 
leads V1 and V6 the QRS width is narrow and there is no presence of notching. The overall QRS 
shape is also different, highlighted by the red circles. This example is provided as a comparison to 
the previously described right and left bundle branch block morphologies (Figure taken from 
Jenkins, 2017) 	 	
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A representative example of RBBB correction through EAM-guided HBP is 
provided in Figure 19. Mapping was used to first locate sites of conduction that were 
represented on the image by beads of various colors. Final lead position with correction 
of RBBB is designated by the blue circle (ECG example is shown in Figure 16). Of note 
is the relative linearity of the S-HBP area (right panel) with distal continuation into the 
right bundle branch. 
 
 
Figure 19. EAM Illustration: Correction of RBBB by HBP. This figure shows an example of 
mapping data gathered by electroanatomical mapping (EAM) in a patient with right bundle 
branch block (RBBB). Aqua beads indicate right bundle branch capture. Red beads indicate right 
ventricular muscle capture. Light green beads indicate non-selective His bundle capture, and 
white beads represent selective His bundle capture. The relative linearity of the white beads is 
indicative of the true bundle of His anatomy. Blue triangle shows final lead position, with 
correction of right bundle branch block. Images are shown in antero-posterior (left panel) and left 
anterior oblique (right panel) views. HBP = His bundle pacing.		
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A comparative example of EAM-guided LBBB correction is provided in Figure 
20. Mapping was used to identify sites of capture near the AV septum. Relevant capture 
morphologies were analyzed and grouped by type of conduction tissue capture. The final 
lead location is shown by a green ball, located in the lower NS-HBP area. The red arrow 
shows the site of lead delivery and LBBB was corrected at this position (ECG example is 
shown in Figure 17.  
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Figure 20. EAM Illustration: Correction of LBBB by HBP.  This figure shows an example of 
electroanatomical mapping (EAM) in a patient with left bundle branch block (LBBB). The 
atrioventricular (AV) septum and part of the right atrium are shown in an angulated left posterior 
oblique view (see torso in right upper hand corner for anatomical correlation.  The blue ring 
represents sites of the His cloud. The orange rings indicate upper and lower non-selective capture 
sites. The white ring represents selective His capture. The light green ball shows the site of the 
pacemaker implantation, and the light green cylinder (at the same site) shows the quadripolar 
mapping catheter. The dark green cylinder shows the location of the pacing lead in proximity to 
the target site, and the red arrow further highlights the site of lead delivery. HBP = His bundle 
pacing. 
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DISCUSSION 	
Clinical Application of the Technology 
HBP is a novel alternative to standard methods of pacing used to correct various 
conduction disorders. The theoretical superiority of HBP over standard pacemaker 
implant targets is the ability to pace at a physiologic site of electrical conduction, thus 
using the inherent electrical wiring of the heart. Previous studies have shown HBP to be 
superior to RV pacing, specifically in preventing rates of heart failure over mid to long 
term follow up and equivalence or non-superiority to CRT/BiV pacing (Lustgarten 2015). 
Moreover, current studies have shown both S-HBP and NS-HBP to be functionally 
similar in efficacy of treating conduction system disease (Vijayaraman 2018).  
 EAM has been minimally used to guide HBP implantation (Sharma 2019). It may 
be useful to reconstruct the anatomy of the AV septum, visualize different targets for 
HBP and to guide the pacing lead to those targets. As discussed earlier, anatomical 
variation is quite common and non-textbook conduction anatomy is often seen in the 
clinical setting. In this small study, use of EAM to map the AV septum has resulted in the 
observation of different anatomical patterns of the His bundle area and measurement of 
these zones of capture. These different patterns of His bundle capture, upper and lower 
non-selective HBP clouds, have not been described previously. The anatomical 
relationship between these clouds and the observed linear shape of the selective His area 
suggest a reflection of the true anatomy- selective area may be a reflection of the true 
location of the His bundle.	This study has also demonstrated different ECG patterns 
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between two separate NS-HBP clouds in most patients. Lastly, these findings were 
applied to guide HBP lead implantation in patients with bundle branch blocks. The use of 
EAM enabled identification of target sites suitable for correction of the underlying 
conduction disease, and allowed guidance of lead placement there. 
     This study identified new and previously undescribed patterns of His Bundle 
cloud capture. Pattern 1 consisted of a central area of selective capture surrounded by an 
upper and lower region of non-selective capture. This pattern probably represents the 
most complete reflection of the anatomical relationships in this AV septal area and may 
reflect the true anatomy as a selective linear structure surrounded by non-selective clouds 
and a distal continuation into the right bundle branch is expected from anatomical and 
histological studies. However, this pattern was not observed in every patient. In some 
patients there was no evidence of a central selective zone of capture whatsoever. In 
others, only one large cloud of non-selective capture could be identified. These findings 
may reflect different anatomical variants present in the study sample. Alternatively, the 
lack of S-HBP may be explained by selective His capture being just of reach of the 
catheter. Regions of S-HBP may actually have been present, but were missed due to 
limitations imposed by the current tool set.  
 It is interesting that different electrocardiographic patterns were present 
when pacing from different non-selective clouds. Currently, it is difficult to explain this 
phenomenon but the vector theory that explains how ECG patterns are produced by 
cardiac excitation may provide an explanation. The investigators in this study 
hypothesized that the cardiac conduction pathway (His bundle) insulation and effectively 
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splits the AV septum in half as it progresses down from the AV node into the ventricles 
creating a barrier for transverse conduction. This may be an explanation for why different 
ECG patterns are observed when pacing from the upper and lower NS-HBP sites as the 
insulated bundle of His prevents the transverse conduction electrical vectors from 
crossing over. Thus, affecting the dominant vector when pacing from different locations. 
With regards to the presence of common NS-HBP capture, perhaps two different EGM 
patterns were present in these patients but they were simply not distinguishable by the 
human eye. This may also represent the individual variations that are common in 
electrocardiographic patterns. 
 Clinically, the observed patterns identified from this study may be useful in 
guiding future HBP lead implantations. An operator familiar with these electroanatomical 
patterns may derive guidance for lead implantation from this knowledge. As a 
hypothetical example, if upper and lower NS-HBP clouds are identified but no S-HBP 
cloud is being captured, then the true His bundle is most likely located between the two 
sites of non-selective capture. It would be worthwhile for the implanting physician to 
check for conduction disease correction at a middle site between the two NS-HBP clouds 
of capture. 
 This study is the first of its kind to describe the sizes of individual capture areas 
and is important for descriptive purposes. Area measurements of these various modes of 
His bundle capture provide a reference for future studies as the true sizes of these areas 
are not currently known. The S-HBP capture area was found to be 0.7 ± 0.4 cm2 which 
shows a very small size of the target site. Locating this target area first with a quadripolar 
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catheter and then implanting with the pacemaker lead can be difficult. Sites of NS-HBP 
capture may be larger but are still challenging to access. From the shoulder, the 
procedural requirement of manipulating a 3mm lead tip into a target area of 1 cm2 target 
area is challenging with current tools. Functionally, the size discrepancy of these regions 
should be explored further. 
 Interest in EAM for use in HBP is growing and two case reports have been 
previously published on the use of EAM to guide HBP. Cay et al. described the use of 
EAM to implant a His bundle pacemaker into a site of selective capture in a 63-year-old 
man with AVB (Cay, 2017). In the other, a 92-year-old man with rapid atrial fibrillation 
and respiratory distress underwent AV node ablation and subsequent HBP lead 
implantation via NavX (Ringwala, 2017). More recently, one abstract has been published 
as of February 2019 on the topic. Sharma, Ellenbogen, and Vijayaraman recently 
conducted a study comparing 10 patients with EAM to 20 patients with conventional 
fluoroscopic guidance with regards to various procedural outcomes (Sharma 2019). This 
group showed a 90% implant success rate in the EAM guided group and 100% success in 
the traditional fluoroscopic guided group, with statistically significant reductions in 
fluoroscopy time for the EAM group in addition to statistically significant reductions in 
implant threshold voltage. The findings from Sharma et al. further bolster the case for use 
of EAM in HBP procedures as a standard approach.  
 Perhaps the most fascinating outcome from the current study is that HBP can 
correct bundle branch blocks. The most optimal site of implant for bundle branch block 
correction remains a topic of debate and different groups have proposed different 
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approaches for correction. In this study, the use of a mapping technique was investigated 
to find the target site and then attempt implantation there. This ability to correct bundle 
branch block via HBP is important, as it may provide an alternate to CRT therapy. It is 
important to note that not all patients are responders to CRT, and due to HBP being a 
more physiologic means of pacing, it may overtake CRT in the future. This is another 
active area of investigation and this study showed that EAM may be helpful to define the 
target and then guide lead placement to the site of correction.  
This leads to the final question, namely which patients are suitable for EAM with 
the hope of achieving S-HBP or NS-HBP? In this exploratory sample, patients who were 
indicated for CRT (LBBB) or diagnosed with high grade AV block were attempted as 
HBP recipients. This cohort consisted of classic indications for pacemaker implantation 
and use of EAM may be recommended for most patients undergoing HBP procedure. The 
advantage of EAM is that it allows for direct visualization of potential sites of 
implantation with a reduced need for fluoroscopic guidance, especially once the 
implanting physician becomes proficient with the technique. Moreover, in patients who 
would otherwise receive CRT, use of EAM can identify sites of His capture and allow for 
a more physiologic pacing via a His bundle lead.  
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Limitations 
This study was exploratory and data collection was accomplished retrospectively. 
Additionally, there was an absence of a comparison group with the non-mapping 
approach. More rigorous studies are needed before the theory behind the technology can 
be proven in practice beyond short to medium term follow up.  
 
 
Future Direction 
The study has identified novel electroanatomical patterns in the AV septum and 
this can be used to guide HBP lead implantation. Further work needs to be done to 
identify target zones to correct bundle branch blocks and facilitate pacemaker therapy to 
correct these abnormalities. Tools to implement HBP will need to be improved.  
HBP is currently an area of active study in the realm of electrophysiology and 
physicians around the world are developing their expertise in this novel mode of pacing. 
Investigation into numerous areas pertaining to His pacing are currently being explored 
and more robust long term data is expected to be published in the near future. 
Collaboration between physicians and industry is focused on developing better pacing 
leads and delivery tools to achieve these goals.  
 
 
 
	52 
REFERENCES 	
Abraham, W. T., Fisher, W. G., Smith, A. L., Delurgio, D. B., Leon, A. R., Loh, E., … 
 Messenger, J. (2002). Cardiac Resynchronization in Chronic Heart Failure. New 
 England Journal of Medicine, 346(24), 1845–1853. 
 https://doi.org/10.1056/NEJMoa013168 
 
Agateller, S. (2009). Schematic diagram of normal sinus rhythm for a human heart as 
 seen on ECG (with Czech labels). Retrieved from 
 https://commons.wikimedia.org/wiki/File:ECG-PQRST%2Bpopis.svg 
 
Amitani, S., Miyahara, K., Sohara, H., Kakura, H., Koga, M., Moriyama, Y., … 
 Sakamoto†, H. (1999). Experimental His-Bundle Pacing: Histopathological and 
 Electrophysiological Examination. Pacing and Clinical Electrophysiology, 22(4), 
 562–566. https://doi.org/10.1111/j.1540-8159.1999.tb00497.x 
 
Cay, S., Ozcan, F., Ozeke, O., Aras, D., & Topaloglu, S. (2018). 3-Dimensional 
 Electroanatomic Mapping Guided Selective His Bundle Pacing. JACC: Clinical 
 Electrophysiology, 4(3), 415–417. https://doi.org/10.1016/j.jacep.2017.11.015 
 
Chardack, W., Gage, A. A., Greatbatch, W. (1960) A Transistorized Contained 
 Implantable Pacemaker for Long-Term Correction of Complete Heart Block. 
 Surgery, 48(4), 843-886 
 
Deshmukh, P., Casavant, D. A., Romanyshyn, M., & Anderson, K. (2000). Permanent, 
 Direct  His-Bundle Pacing: A Novel Approach to Cardiac Pacing in Patients with 
 Normal His-Purkinje Activation. Circulation, 101(8), 869–877. 
 https://doi.org/10.1161/01.CIR.101.8.869 
 
Dubin, D. B. (2000). Rapid interpretation of EKG’s: an interactive course (6. ed). 
 Tampa, Fla: Cover Publ. 
 
Ellenbogen, K. A., & Kaszala, K. (Eds.). (2014). Cardiac pacing and ICDs (Sixth 
 edition). Chichester, West Sussex: John Wiley & Sons. 
 
Jastrzębski, M., Moskal, P., Bednarek, A., Kiełbasa, G., & Czarnecka, D. (2018). His-
 bundle pacing as a standard approach in patients with permanent atrial fibrillation 
 and bradycardia. Pacing and Clinical Electrophysiology, 41(11), 1508–1512. 
 https://doi.org/10.1111/pace.13490 
 
Jenkins, D., & Gerred, S. (2017). Normal Adult 12-Lead ECG [Digital image]. Retrieved 
 February 25, 2019, from https://ecglibrary.com/norm.php 
 
	53 
Katz, A. M. (2011). Physiology of the Heart (5th ed.). Philadelphia, PA: Wolters 
 Kluwer/Lippincott Williams & Wilkins. 
 
Kawashima, T., & Sasaki, H. (2005). A macroscopic anatomical investigation of 
 atrioventricular bundle locational variation relative to the membranous part of the 
 ventricular septum in elderly human hearts. Surgical and Radiologic Anatomy: 
 SRA, 27(3), 206–213. https://doi.org/10.1007/s00276-004-0302-7 
 
Lustgarten, D. L., Crespo, E. M., Arkhipova-Jenkins, I., Lobel, R., Winget, J., Koehler, 
 J., … Sheldon, T. (2015). His-bundle pacing versus biventricular pacing in 
 cardiac resynchronization therapy patients: A crossover design comparison. Heart 
 Rhythm, 12(7), 1548–1557. https://doi.org/10.1016/j.hrthm.2015.03.048 
 
Mayo Foundation. (2019). Pacemaker. Retrieved from https://www.mayoclinic.org/tests-
 procedures/pacemaker/multimedia/pacemaker/img-20008517 
 
Orlov, M. V., Koulouridis, I., Monin, A. J., Casavant, D., Maslov, M., Erez, A., … 
 Wylie, J. V. (2019). Direct Visualization of the His Bundle Pacing Lead 
 Placement by 3-Dimensional Electroanatomic Mapping. Circulation. Arrhythmia 
  and Electrophysiology, 12(2), e006801. 
 https://doi.org/10.1161/CIRCEP.118.006801 
 
OpenStax College. (n.d.). Anatomy and Physiology, 19.2 Cardiac Muscle and Electrical 
 Activity. Retrieved from https://opentextbc.ca/anatomyandphysiology/chapter/19
 -2-cardiac-muscle-and-electrical-activity/#fig-ch20_02_02 
 
OpenStax College. (2017). Spatial Orientation of EKG Leads. Retrieved from 
 https://vheart.io/blog/2017/standard-12-lead-ecg 
 
Purves, P. D., Klein, G. J., Leong-Sit, P., Yee, R., Skanes, A. C., Gula, L. J., & Krahn, A. 
  D. (2012). Cardiac electrophysiology: a visual guide for nurses, techs, and 
 fellows. Minneapolis, Minn.: Cardiotext Pub. Retrieved from 
 http://public.eblib.com/choice/publicfullrecord.aspx?p=3134510 
 
Ringwala, S., Knight, B. P., & Verma, N. (2017). Permanent His bundle pacing at the 
 time of atrioventricular node ablation: A 3-dimensional mapping approach. Heart 
 Rhythm Case Reports, 3(6), 323–325. https://doi.org/10.1016/j.hrcr.2017.04.005 
 
Scherlag, B. J., & Lazzara, R. (2017). Functional aspects of His bundle physiology and 
  pathophysiology: Clinical implications. Journal of Electrocardiology, 50(1), 
 151–155. https://doi.org/10.1016/j.jelectrocard.2016.07.011 
 
	54 
Sharma, P. S., & Trohman, R. (2018a). An Electro-Anatomic Atlas of His Bundle Pacing. 
  Cardiac Electrophysiology Clinics, 10(3), 483–490. 
 https://doi.org/10.1016/j.ccep.2018.05.009 
 
Sharma, P. S., Naperkowski, A., Bauch, T. D., Chan, J. Y. S., Arnold, A. D., Whinnett, Z. 
 I., … Vijayaraman, P. (2018b). Permanent His Bundle Pacing for Cardiac 
 Resynchronization Therapy in Patients with Heart Failure and Right Bundle 
 Branch Block. Circulation: Arrhythmia and Electrophysiology, 11(9).  
 https://doi.org/10.1161/CIRCEP.118.006613 
 
Sharma, P. S., Huang, H. D., Trohman, R. G., Naperkowski, A., Ellenbogen, K. A., & 
 Vijayaraman, P. (2019). Low Fluoroscopy Permanent His Bundle Pacing Using 
 Electroanatomic Mapping: A Feasibility Study. Circulation: Arrhythmia and 
  Electrophysiology, 12(2). https://doi.org/10.1161/CIRCEP.118.006967 
 
Sibley, J. (2016). Interpreting E.P. Signals Part 1 – The Basics. [Lecture Notes] Retrieved 
 from http://www.heartrhythmcongress.org/files/files/Presentations/2016/161009-
 Interpreting%20EP%20Signals-Part%201%20%26%202.pdf 
 
Sisti, A. D., Márquez, M. F., Tonet, J., Bonny, A., Frank, R., & Hidden-Lucet, F. (2012). 
 Adverse Effects of Long-Term Right Ventricular Apical Pacing and Identification 
  of Patients at Risk of Atrial Fibrillation and Heart Failure: Adverse Effects of 
 Right Ventricular Apical Pacing. Pacing and Clinical Electrophysiology, 35(8), 
 1035–1043. https://doi.org/10.1111/j.1540-8159.2012.03371.x 
 
Teng, A. E., Lustgarten, D. L., Vijayaraman, P., Tung, R., Shivkumar, K., Wagner, G. S., 
  & Ajijola, O. A. (2016a). Usefulness of His Bundle Pacing to Achieve Electrical 
  Resynchronization in Patients with Complete Left Bundle Branch Block and the 
 Relation Between Native QRS Axis, Duration, and Normalization. The American 
 Journal of Cardiology, 118(4), 527–534. 
 https://doi.org/10.1016/j.amjcard.2016.05.049 
 
Teng, A. E., Massoud, L., & Ajijola, O. A. (2016b). Physiological mechanisms of QRS 
  narrowing in bundle branch block patients undergoing permanent His bundle 
 pacing. Journal of Electrocardiology, 49(5), 644–648. 
 https://doi.org/10.1016/j.jelectrocard.2016.07.013 
 
Thaler, M. S., & Wolters Kluwer (Haga). (2015). The only EKG book you’ll ever need. 
  Philadelphia [i 7 pozostałych: Wolters Kluwer. 
 
The Characteristics of LBBB and RBBB [Digital image]. (2017, March 10). Retrieved 
 February 28, 2019, from https://www.medicalexamprep.co.uk/bundle-branch-
 blocks-part-1-left-right-bundle-branch-blocks/ 
 
	55 
Tops, L. F., Schalij, M. J., & Bax, J. J. (2009). The Effects of Right Ventricular Apical 
 Pacing on Ventricular Function and Dyssynchrony. Journal of the American 
 College of Cardiology, 54(9), 764–776. https://doi.org/10.1016/j.jacc.2009.06.006 
 
Upadhyay, G. A., & Tung, R. (2017). Selective versus non-selective his bundle pacing 
 for cardiac resynchronization therapy. Journal of Electrocardiology, 50(2), 191–
 194. https://doi.org/10.1016/j.jelectrocard.2016.10.003 
 
Vijayaraman, P., Chung, M. K., Dandamudi, G., Upadhyay, G. A., Krishnan, K., 
 Crossley, G., … Lakkireddy, D. (2018). His Bundle Pacing. Journal of the 
 American College of Cardiology, 72(8), 927–947. 
 https://doi.org/10.1016/j.jacc.2018.06.017 
 
Zanon, F., Baracca, E., Aggio, S., Pastore, G., Boaretto, G., Cardano, P., … Zonzin, P. 
 (2006). A Feasible Approach for Direct His-Bundle Pacing Using a New 
 Steerable Catheter to Facilitate Precise Lead Placement. Journal of 
 Cardiovascular Electrophysiology, 17(1), 29–33. https://doi.org/10.1111/j.1540-
 8167.2005.00285.x 
 
 
 
 
 
 
 
 
 
 
 
 
	56 
VITA 
	57 
	58 
